AD=A075 743 AEROSPACE CORP EL SEGUNDO CA GUIDANCE AND CONTROL DIV F/6 17/5

SIMULATION OF A MOSAIC SENSOR SYSTEM. (U)

OCT 78 K K WONG FO4701-78=C=0079

UNCLASSIFIED TR=0079(4901-03)=5 SAMSO0=TR=79+60

NL

END

DATE
FILMED

179

boc




Simulation of a Mosaic Sensor System

KENNETH K. WONG
Guidance and Control Division
Engineering Group

The Aerospace Corpont?’
El Segundo, Calif. 9024

1 Oct 1978 (

Final Report

APPROVED FOR PUBLIC RELEASE; B

Prepared for

SPACE AND MISSILE SYSTEMS ORGANIZATION
AIR FORCE SYSTEMS COMMAND
L.os Angeles Air Force Station
P.O. Box 92960, Worldway Postal Center

Los Angeles, Calif. 90009 '
7810 29 148
— — v

= L g eI

-




o . 9% . ‘_ R
TR ————— e P s T E

This final report was submitted by The Aerospace Corporation,
El Segundo, CA 90245, hqder Contract No. F04701-78-C-0079 with the Space
and Missile Systems Organization (AFSC), Los Angeles, CA 90009. It was
reviewed and approved for The Aerospace Corporation by D, J. Griep,
Engineering Group. Lieutenant James C, Garcia, DYXT, was the Deputy
for Technology project engineer. -

This report has been reviewed by the Information Office (OI)
and is releasable to the National Technical Information Service (NTIS),
At NTIS, it will be available to the general public, including foreign
nationals,

This technical report has been reviewed and is approved for
publication.

A h J
Project Officer s ALQ
Division

FOR THE COMMANDER

RN

Burton H. Holaday, Colonel, US
Director of Technology, Plans
and Analysis




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Deata Entered)

P e

| 15 ﬁAM
L.— 4 TITLE (and Subtitle)

"

—

{1 REPORT DOCUMENTATION PAGE auriAD DISTRUCTIONS
o 2. GOVY ACCESSION CIPIENT'S CATALOG NUMBER

SOYTR-79-68 | / v
SARERAINS. N0 s MEROD COVERED
'STMULATION OF A MOSAIC SENSOR SYSTEM, | [Final ¢ L.J{

-~

4 : ”~ )
{ ‘H TR-0079(4901-83)-5 s s
T AUTHOR(s)

/

Kenneth K. Wong | /7,1 roar01-78-C-0079 |
J 'J;r '
9 PEAFORMING ORGANIZATION NAME AND ADDRESS T N’ R L e+ T A

\

— o
r 1 - =
-

-

The Aerospace Corporation
El Segundo, Calif. 90245

-

11 CONTROLLING OF FICE NAME AND ADDRESS
SAMSO/AFSC
Los Angeles Air Force Station, P,O. Box 92960

NUM

Worldway Postal Center, Los Angelea. CA 90009 | 24 q

T& MONITORING AGENCY NAME & ADDRESS(I! different from Controlling Office) 18, SECURITY CLASS. (of this report)
Unclassified

Wmmm—‘ ‘

16 OISTRIBUTION STATEMENT (of thie Report)

Approved for public release; distribution unlimited

17 DISTRIBUTION STATEMENT (of the sbetrect entered in Block 20, Il @itterent rem Report)

18 SUPPLEMENTARY NOTES

19 XEY WORDS (Continue on reverse side I/ y and fy by Blochk mumber)
Sensors
Mosaic
1 Simulation
ABSTRACY [Continue on reverse side If and y by block mumber)

This report discusses a mosaic sensor system simulation program (MSSP), that
has been developed at The Aerospace Corporation. The MSSP program 18 "a
viable tool for the evaluation of a variety of mosaic sensor concepts,

The idea of using a mosaic array to represent an image is an old one. Sensors
constructed from the mosaic concept have the advantage of simplicity., Theo-
retically the image information may be instantaneously obtained from the out-
puts of all the detector cells in the mosaic array, thus eliminating the time

o0 "°"™ um

e ey )

e




1ED

SECURITY CLASSIFICATION OF THIS PAOE(When Dete Bntered)
. KEY WORDS (Continued )

A RACY (Continued)
delay problem inherent in a scanning-type sensor. A mosaic sensor system is

often more reliable than a scanning sensor system because there are a mini-
mum of mechanical components susceptible to failure,

Typically, a mosaic focal plane consists of a large number of detector cells in
order to produce fine image resolution, Digital simulation of a mosaic sensor
system requires a considerable amount of repetitive calculations because of
the large number of cells, It is very important to design a mosaic sensor
simulation program with computation algorithms that are highly efficient in
order to minimize the run time of the computer,

0oC

UNAYN YINCED

NSTH ICATION .

8y i
DISTRIBUTION/AAR ABRTY CODES

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PASE(When Date Entersd)




CONTENTS

lNTRoDUCTIoN ® 0 ¢ @ 0@ 0 6O P T O OB OEPE PO S OIS E PR '
GENERALSIMULATIONDESCRPTION.....-o.......o..c.o.

w N

MoDEuNGTECHNIQUm.....o....oocoo.-'o.-oo..o.l.‘

: A Environmental Modeld . . . s oo v'i s anasnane dsssnios
a, Moving TarBel MOBBL 5 o o5 i st dib oo Rt s son 5 a
b, Background Model ;' s i s sssscavessasensssnns
2. OpHeE MOdel v oo sssrosnisvssansnsssnsasssws s
3. Moanic Focal FIane MOGRL .y o i s iinn o5 as b x bpiiie e
4, Arplifier/Filter Model ....csccsc00s0v0ss00s000s 1

- O W oW

} ' SBIULATION BYRUCTIRE (5 ity itt e st vt mridisadeiia i s
CONCLUSIONS - - - - - - - - - - - - - - - - - o - - - - v - - - - - . - - . K - - - - ' 3
REFERENCES - - - - - e . - - - - - - - - - - - . - - - . - - . - - - - - - . e - - - ‘9

FIGURES

i Typicel Mosaic IR DlRCIOrE . s disrassnsess avasnanns 1

‘ 2 r Mosaic Sensor System Simulation Block Diagram ., ......... 2
3. A Typical Simulated Background Scenario .. ...¢c.0000000. 5
4, Discretization of an Extended Source . ......¢c0000000s0e T
3 5.  Calculation of Cell Output Due to a Point Source Influence .... 9
':; 6. Lo“-up T.ble StruCNre LI L e D I D L D R D R D R L I T R T Y lo
i ¥ Typical Filter Impulse Response . ... ....cc000000e000. 12
i
|
;
s

iii




9a.
9b.
9c.
9d.

FIGURES (Continued)

MSSP Simulation Logic Flow Diagram ..........
An Example of Focal Plan Trajectory Plot . ., .. ....
A Sample Output of a Detector Cell . ... .00 000
Output of the Same Cell After Numerical Differencing

Filteredo“wutwithNO‘.e 89 %S DS ST P SN N RS OE

iv

14
15
16
17
18




INTRODUCTION

This paper describes the approach and results of a
mosaic sensor simulation program (MSSP) developed at The
Aerospace Corporation. Currently, both scanning and staring
IR sensors are of interest. A scanning sensor usually contains
one or more rows of detector cells which scan back and forth
in order to cover the field of view (FOV). A staring sensor
usually contains a mosaic array of detector cells. In order to
cover the FOV with sufficient resolution, the mosaic array
may contgin 4 very large number of cells, typically on the or-
der of 10" or more.

For certain applications, the mosaic sensor system has
an advantage over the scanning sensor. The mosaic sensor is
particularly useful for the separation of a moving target from
a highly emissive but stationary background. The background
may be effectively removed by analog filtering or by frame-
to-frame subtraction (numerical differentiation) since it con-
tributes only to DC outputs from the detector cells. These
types of processing, however, transform the target's intensity
amplitude information into cell edge -crossing information.
This leads to a variety of detector cell designs which include
"reticles, '' and an alternate biasing scheme which is some-
times called a ''push-pull'" detector (in order to distinguish it
from the regular "single-ended'' detector). Figure 1 illus-
trates some typical designs of mosaic detectors (Ref. 1).

(v,
WerT "’
(xg, 75)
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(e) PUSH-WLL DETECTOR (%) PUSH.FULL DETECTOR  (e) SINGLE-ENDED DETECTOR
'-I;l!cﬂmﬂlll- VITH A DIAGOWAL RETICIR

Figure 1. Typical Mosaic IR Detectors
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Since the focal plane consists of many detectors, compu-
tational efficiency is an important consideration in digital sim-
ulation of a mosaic sensor. A large number of repetitive cal-
culations is often required to process the detector outputs. To
take advantage of the fact that all detector cells (or at least
groups of them) have identical characteristics, Winter (Refs. 2,
3, 4) has introduced the table look-up approach, which can
greatly reduce the computational load for both point sources
and extended sources. Winter's table look-up approach has
been adopted for fast calculation of the point spread function
response. With this approach, the point spread function de -
scription does not need to be analytic and may be given in the
form of a numerical table. For any given detector cell design,
a table of cell response is set up in a preliminary routine
which is stored in the form of a matrix. For a given target
location in the center cell, the set of outputs of the m x n cells
which include the given cell are calculated and stored. The
integers m and n are determined by the optics point spread
function and the dimensions of the detector. Zero outputs are
assumed for cells outside the m x n block. Numerical convo-
lution is used to calculate the amplifier/filter response in time
domain.

A general description of the MSSP simulation is given
below. The modeling techniques on targets, backgrounds, op-
tics, focal planes, and filters are discussed in detail in the
third section. More specific discussions on the simulation
program, some typical outputs, and a conclusion are given in
subsequent sections.

GENERAL SIMULATION DESCRIPTION

Figure 2 is a block diagram description of the building
blocks of the MSSP program.

Moeatc
Focal
bywr Semsor Syetem
Optics Nolee Notse

Model
Balouiasait Amplitier/ |
Mode! !::'.'.. P rocessinglugs Outputs

Figure 2. Mosaic Sensor System Simulation Block Diagram

The driver unit, called the environmental model, con-
sists of ingredients that are necessary to generate a mosaic
image. In MSSP, it has a target trajectory model and a back-
ground model.
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The outputs of the environmental model are the inputs of
the optics model. The transmission attenuation, the spectral
filtering, and the lens degradation of the image are modeled.
The optical blurring is characterized by a point spread func-
tion which is often approximated by a Gaussian function. In
MSSP, either a Gaussian function or a tabulated function may
be realized. There is no significant difference in run time in
either case, since Winter's table look-up approach has been
used so that there is no need to calculate repetitively the point
spread response.

The mosaic focal plane model evaluates the output of
each detector cell given the location of the center of the target
and its intensity. A discrete spatial convolution method is
often used to evaluate contribution of an extended source which
arises from background modeling. However, a point-source
discretization technique is used for this simulation program.
Detector noise is injected at the cell outputs.

The output of each detector is passed through an ampli-
fier/filter. The filter is either a matched filter which ap-
proximately matches the expected target signal waveform (in
order to maximize the signal-to-noise ratio), or just an AC
amplifier with sufficient bandwidth to cover the signal band-
width. The DC component of the cell output which is due
mainly to the interfering background is removed by the AC am-
plifier. Sometimes this process is carried out by some form
of numerical differentiation which is called '"frame-to-frame
subtraction.' In MSSP, the amplifier/filter is realized by nu-
merical convolution. System noise is also added at the output
of each amplifier/filter.

MODE LING TECHNIQUES

1. Environmental Model

In the current version of MSSP, the environmental model
consists of a moving target model #nd a background model.

a. Moving Target Model

The motion and intenlit‘ profile of a moving target is
described by a set of three Nth order polynomials. Let x; and
yj be the focal plane position of target j. Let Ij be the inten-
lity. Then




N
i k
xj(t) = k2=°ajk(t - tOj) (focal plane unit)

N
k
yj(t) = kz:objk(t - tg;)*  (focal plane unit)

N
1(t) = kzocjk(t - toj)“ (watts/sr)

where tg; is the reference time for target j. The inertial mo-
tion of atarget is first simulated by a separate trajectory
simulation program; the same program also provides the iner-
tial attitude of the sensor. The motion of the target on the fo-
cal plane is obtained by projecting the inertial motion along the
sensor's line of sight (LOS) into the sensor coordinate frame,
then scaling by the ratio of the focal length to the range from
the sensor to the target. Least-squares fit is then performed
to determine the polynomial coefficients.

b. Background Model

Random step -function models have been widely used as
statistical models for background irradiance (Refs. 5, 6).
This type of model is adopted for MSSP. More explicitly, the
background process is characterized by

Bx,y) = ZZa_ lu(x - x ) -ulx-x__ )
luty -y} -uly -y, )]

where u(e) denotes the unit-step function.

The jump points x., and y, are characterized by two ex-
ponential processes, i.e., the probability of having a new
jump is given by

“AMx-x_ )
P(jump at x> xmlxm is the last jump) =1 - e -

Ay-y,)
P(jump aty >y 'Yn is the last jump) =1 - e

where 1/\ is the mean distance between jumps.




The amplitude ‘T a non-negative random process in
m and n. The Rayleig rbiltx'ibution is chosen as a model for

amn*

Spatially, the intensity is assumed to be exponentially
correlated. For any m, n, j, k, we have the relationship

, -ay(lm=il+ln-kl)

where 04 and &4 are constants characterizing the background
correlation.

The above model is an adequate description for a sta-
tionary background. For a non-stationary background (a,, ..
Xm» ¥Yn) are also random processes in time. In MSSP, (xi,
yn) are assumed to be independent of time and a,,, is expo-
nentially time correlated, i.e.,

'°t|t2'tl'

Ella_ t)) - E@_ (¢ )lla_ (t,) - Ea_ (t,)]} =cle

mnl

where ot and ay are constants characterizing the time
correlation.

With this approach, computational efficiency is high
since the background scenario needs to be generated only once.
The subsequent time fluctuations of a,,, are then added in a
random fashion.

A typical background scenario is illustrated in Figure 3.

. -
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Figure 3. A Typical Simulated Background Scenario
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. Optics Model

The radiated power of a point source is modeled by

dP = ppd’i d\ (watts)

where
Pp * the power density of the point source in watts/sr/
um
Q = solid angle in steradians
\ = spectral wavelength in micrometers

The background structure has been modeled as an ex-
tended source. The power radiated over the surface is mod-
eled by

dP = Pplios R ds dn d\ (watts)
where
Pg * watto/mzhr/wn is the power density of
the extended source
nos ° the unit vector from the differential area ds

to the sensor, and n is the unit normal to ds.

An extended source is approximated by a set of point
sources as shown in Figure 4. A grid is defined such that its
dimension is small in comparison with the point spread cover-
age, e.g., 0, in the case of a Gaussian point spread model.
The strength of a point source which is located a(q.yj) is
given by

pp(x" Yj) -

xi+A/Z yj+A/z
/ f Pp(x 7)‘94.63’—‘-) dx dy  (watts/sr/pm)
x‘-A/Z yj~A/Z
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Figure 4. Discretization of an Extended Source

where A is the grid dimension.
sources are involved in the calculations of the cell outputs.
For each point source, the power transmitted to the focal

plane is given by the expression

where

T = optical transmission efficiency

P = Tpp ;"z AN (watts)

A = aperture area

R = range from sensor to source
A\ = spectral bandwidth

With this approach, only point




3. Mosaic Focal Plane Model

A focal plane configuration is constructed in MSSP by
specifying the focal plane dimensions and the cell dimensions
with input data. The characteristics of the cells which include
reticle designs, biasing schemes, sensitivity variations, etc.
are taken into account in the construction of the look -up table.

The point spread function of the optics is known either in
analytical form or in numerical form which is characterized
by the function f(x, y, P) where (x, y) are the coordinates of the
point source image and P is the power transmitted to the focal
plane. The detector cells are assumed to have linear re-
sponse characteristics so that

f(x,y.P) = Pg(x,y)

The Gaussian spread function is often used as a model for
ﬂ"- .)n ‘- e.,

gix,y) = ﬂ'- exp[- —l-;_- (xz + v"')]

2no 20

The power on a detector cell is obtained by integrating the
contribution over the sensitive cell area (e.g., see Figure 5)

pdzpffg(x-x‘,y-y‘)dxdy (watts)
A
C

where (x;,y,) are the coordinates of the point target image,
and P is the power transmitted to the focal plane by the point
source. The integral portion of the above expression is ob-
tained readily by table look-up. The (static) ou?ut voltage of
the cell is obtained by multiplying the P4 by cell's (static)
responsivity R_, i.e.,

= ch (volts)

Vd d

where Rc is in volts/watt. "

The dynamic behavior of the cell is considered as a part of the
amplifier /filter module which will be discussed later.

‘Somoumeo the outputs are in amperes; in this case R is in amp/
watt,

.‘h . - T . N .t .l . o e it e
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For a rectangular cell without reticles and assuming a
circular Gaussian point spread function, vq may be expressed |
in terms of error functions as

PR‘

var 7 (o (e ¥ o)) o - ¥ )
. erll[j}{; (ve + 5 - y,)] s erf[vtz; (ve - ¥ - vz)]f

where (x..y.) is the location of the center of the cell and W
and L are respectively the width (along x) and the length
(along y) of the cell. Here erf (o) is defined by

R
erl’(!)=%f ot
o

An illustration of cell response calculation is shown in

Figure 5
o

~

CELL
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w L
P YT (%"}
g :
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Figure 5. Calculation of Cell Output Due to a Point
Source Influence




In order to construct a look-up table using Winter's ap-
proach, the point target location on a cell is quantjzed (see
Figure 6); i.e., if the target is included in the i j'* quantiza-
tion element, it is assumed to be located at its center. Only
m x n neighboring cells are considered in the table. The
choice of integers m and n depends on the extent of coverage
of the point spread function. The cells beyond this group are :
assumed to have negligible outputs for the given point target !
: location. The table values are calculated assuming a power
of one watt transmitted through the optics. Figure 6 shows
the cell block structure for the construction of a look-up
table. The target is located somewhere in the center cell
which falls into one of the small quantization grid elements.
For the given (normalized) point spread function, the outputs
of all the cells in the block are calculated for target location
at the center of every quantization element. The results are
stored in the look-up table. Thus, T(i, j, k,1) is the output of
cell (k,1) to a target at (i, j). In actual calculation of a cell
output, the value obtained from the table is scaled by the actual
power transmitted through the optical system.

With the table look-up approach, the normalized output
of a cell under the influence of a point source is instantaneously
retrieved from the table once the target location is known.
The actual cell output is then obtained by multiplying it by the
scale factor. This method creates a fast algorithm since it
omits the conventional time -consuming repetitive calculations
of cell outputs either by evaluating an error function, or in a
worse case, by numerically integrating a tabulated point spread
function over the cell area.

m L X
CELLS QUANTIZATION
ELEMENT FOR
POINT TARGET
CENTER LOCA-
TION

ey CRLLS <=0

Figure 6. Look-up Table Structure
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4. Amplifier /Filter Model

The amplifier/filters for shaping the detector cell out-
puts are usually a linear device, possibly with a large band-
width in comparison with that of the target signal waveform.
We shall assume that an amplifier provides only a pure gain,
and the shaping of the signal waveform takes place in the filter.
Furthermore, the detector cell dynamics are also assumed to
be part of the filter in our simulation approach. It is imple-
mented as an additional filter structure. Since the amplifier
only contributes to the scale factor, we need only discuss the
filter in greater detail.

The filter is usually specified by the transfer function
H(s). Given the output of a cell, a numerical convolution tech-
nique is used to obtain the output of the filter. The impulse
response h(t), which is the inverse Laplace transform of H(s),
is discretized to obtain the unit sample response by integrating
it over the sampling period, yielding the set of numerical val-
ues {hi)’

In a DC filter, {hi} can usually be approximated by taking
a limited number of terms. If hy = 0 for i > k, then the output
of the cell u, is obtained by

n k
Y, * 2"1"::4 - Zhlvn-i

i=0 i=0

where v; is the cell output at time t;. In this case, only the
k + 1 mdst recent values of v; are nleded. In an AC filter,
however, this approximation may not be possible since the im-
pulse response is nonzero for a longer period of time due to
the low-frequency cut-off pole in the transfer function. Fig-
ures 7(a) and (b) are respectively examples of filter impulse
responses of a DC and AC filter.

Random noise sources are present within the detectors
and the amplifier/filter system. Each noise source is mod-
eled by a sequence of Gaussian random numbers with time cor-
relation. The effect of time correlation is implemented by
numerical convolution in the same manner as in the case of the
filter. The transfer function is usually determined from a
given noise power spectral density model. A first-order cor-
relation profile is often adequate for the simulation purposes.
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Figure 7. Typical Filter Impulse Response




SIMULATION STRUCTURE

The MSSP simulation is implemented on the CDC 7600
in Fortran IV. Figure 8 shows the essential elements in the
MSSP program. Except for table look-ups and numerical con-
volutions, all calculations are carried out once only at the
beginning of the program. The storage requirement is dic-
tated by the number of cells in the focal plane and the number
of required time-sampled outputs for each detector cell. For
a large focal plane simulation, the outputs may be stored on
a disc file (or tape) for plotting, or testing data processing
algorithms. Figure 9(a) shows an example of a 10 cell by 10
cell simulated focal plane with a target traversing it diagonally.
Figures 9(b) through 9 (d) are typical outputs from a given de-
tector cell at different stages of the sensor system.

CONCLUSIONS

A general-purpose mosaic sensor Fortran IV simulation
program called MSSP has been developed. This program is
flexible enough that most of the parameters, including the de-
scription of the focal plane structure, are controlled by ex-
ternal namelist inputs. The program is modularized so that
modifications can be made on each module without disturbing
the remaining structure of the program. The models dis-
cussed in this paper are implemented as subroutines in the
program. The table look-up approach undoubtedly results in
great savings in computational effort, since it bypasses the
routine but painful repetitive calculations of the point spread
function response for a finite and possibly irregular sensitive
cell area. No specific timing comparison was attempted be-
between the conventional ''brute-force' approach and the table
look-up approach. The MSSP program, however, is designed
computationally to be as efficient as possible, as a general
tool for the evaluation of various mosaic sensor concepts.

For a large number of detector cells witk a long time history,
online computer storage may not be enough even with large-
core memory storage. A solution to this problem is to calcu-
late and store the data only on the cells of interest. Another
solution is to use external disc storage and manipulate the data
by means of random access techniques. The latter approach is
necessary if the output data is being used for the evaluation of
target detection and tracking algorithms.
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INPUT DATA

CALCULATE DETECTOR CELL COORDINATES
CALCULATE LOOKUP TABLE

CALCULATE FILTER UNIT SAMPLE RESPONSE
SET UP BACKGROUND STRUCTURE
QUANTIZE BACKGROUND DATA

{
PLOT FOCAL PLANE
CALCULATE TARGET TRAJECTORY AND INTENSITY
PLOT TARGET TRAJECTORIES ON FOCAL PLANE
CALCULATE POWER TRANSMITTED THROUGH OPTICS DUE TO EACH POINT SOURCE

!

CALCULATE CELL OUTPUTS BY TABLE LOOKUP

ADD DETECTOR NOISE

CALCULATE FILTERED OUTPUTS BY NUMERICAL CONVOLUTION
CALCULATE AND ADD COLORED NOISE (By Numerical Convolution)

1

PLOT SELECTED CELL OUTPUTS

Figure 8. MSSP Simulation Logic Flow Diagram
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CELL OUTPUT —»

Figure 9(b).

TIME —»

A Sample Output of a Detector Cell




CELL OUTPUT —»

TIME —»

Figure 9(c). Output of the Same Cell After
Numerical Differencing

17




CELL OUTPUT —>

1 TINE —>
Figure 9(d). Filtered Output With Noise
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